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The  ability  of  a  species  to  respond  to  changing  conditions  is  dependent  on  the  genetic  
diversity of its populations. The aim of this thesis was to study the magnitude of genetic 
variation within a natural population of silver birch (Betula pendula) in their resistance to 
abiotic (ozone and frost) and biotic (herbivores) stress factors. In addition, the thesis 
aimed to quantify the impact of genotypic variation on several ecosystem processes 
related to silver birch.  
Large differences were found in biochemical and growth characteristics amongst 
different genotypes of silver birch when the interactive effects of elevated ozone and 
springtime frost on young birch saplings was studied. However, genotype-specific 
responses to ozone and frost only affected net photosynthesis. Nonetheless, responses 
within a population may be partly dependent on year- and genotype-specific variation in 
bud burst, which in turn is influenced by environmental factors. 
There was considerable genetic variation in sapling growth and resistance but not 
tolerance of the plants to herbivory by insects. In contrast to genotypic variation in 
resistance, the genotypic variation in growth among silver birch genotypes was strongly 
dependent on the environment. Consequently the costs of defence as measured by growth 
rate were dependent on the environment. Genetic variation in the resistance of the plants 
to insect herbivores was positively associated with the genetic variation in the loss of mass 
of leaf litter in the early stages of the decomposition process, but the explanation for this 
link between different trophic levels requires further investigation. The structure of the 
birch-feeding insect herbivore community was significantly affected by the birch 
genotype and genotype x environment/year interactions. The within-population variation 
in resistance to individual insect species was the fundamental basis for differences in 
insect herbivore community structure. 
Together, these results suggests that within a naturally regenerating silver birch 
population, there is significant genetic variation in most traits studied, and that genetic 
variation in silver birch can affect not only the dependent insect communities but also 
related ecosystem processes. Maintaining this genetic diversity we will not only maximize 
the potential of silver birch to withstand and adapt to environmental changes, but also 
conserve the species diversity of dependent arthropod communities.  
 
Tarja Silfver, Faculty of Biosciences, University of Joensuu, P.O.Box 111, FIN-80101 
Joensuu, Finland 
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GENERAL INTRODUCTION 
1.1. Global climate change and predictions for Finland 
Due to human activities our planet is now facing the most challenging environmental 
threat in the history of mankind. Changes in atmospheric concentrations of greenhouse 
gases has lead to a rise of about 0.6 oC in the global annual mean temperature over the last 
century. Climate models predict mean temperature increases of 1.1-6.4 oC by 2100 (IPCC 
2007). Temperatures in northern Europe are likely to increase more than the global mean: 
scenarios for Finland predict that the annual mean temperature will rise by 1-3 oC by 2020 
and 2-7 oC by 2080 with most warming occurring wintertime (Jylhä et al. 2004). 
Poleward shifts in the geographical ranges of many insect species have already been 
observed (Parmesan et al. 1999; Walther et al. 2002; Root et al. 2003) and the expectation 
is that damage to woody plants by insects will increase with rise in global temperatures. 
Although transplant experiments in temperate latitudes show no latitudinal increase in 
insect herbivore damage (Andrew and Hughes 2007), foliar damage to birch in 
Fennoscandia seems to be clearly related to the climate: background insect damage (also 
termed as endemic herbivory) increases from North to South and is best explained by an 
increase in the mean temperature in July (Kozlov 2008). On the basis of these data, insect 
damage to northern birch forests could double with the predicted level of global warming, 
which in a longer time perspective may lead to a development from birch-dominated to 
coniferous forest (Wolf et al. 2008). However, such large scale, long-term predictions 
should be treated cautiously, because herbivores will also be affected by direct and 
indirect effects of elevated CO2, which may mitigate the temperature effects (Zvereva and 
Kozlov 2006). 
The increase in global mean temperatures might be associated with increased 
frequencies of extreme climatic events (Jylhä et al. 2004). As climate warming affects tree 
phenology  and  growth  patterns,  an  earlier  bud  burst  may  lead  to  an  increased  risk  of  
spring-time frosts (for discussion see e.g. Hänninen 2006). The highest ozone 
concentrations prevail between April and May and so northern trees may encounter 
several stress factors more frequently, e.g. combinations of low temperatures and high 
ozone (IPCC 2007). Many tree species exposed to high ozone concentrations have shown 
decreased tolerance of freezing (Skärby et al. 1998). 
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1.2. Why study the silver birch? 
Silver  birch  (Betula pendula Roth)  covers  large  and  diverse  areas  across  the  Northern  
Hemisphere and is an important deciduous tree species in Finland, both ecologically and 
economically. Both the basal area and the growth of silver birch in boreal forest are 
predicted to increase with elevated CO2 and temperatures (Peltola and Kellomäki 2005; 
Briceño-Elizondo et al. 2006). However, birch is known to be susceptible to 
environmental stresses, such as elevated ozone. Ozone sensitivity of silver birch has been 
thoroughly investigated since early 1990?s in Finland, and those studies have revealed that 
even very low levels of elevated ozone (AOT40 10-20 ppm) may lead to visible ozone 
injuries and significant growth reductions (Oksanen et al. 2007).  
It is clear that the future conditions in boreal forests will differ from the present 
conditions in many respects and our forest trees have to adapt to these new conditions. 
The ability of a species to adapt to changes in its environment is dependent on the genetic 
diversity of its populations (Luck et al. 2003; Jump et al. 2009; Aitken et al 2008), and 
generally trees tend to show high levels of genetic diversity (Petit and Hampe 2006). This 
seems to be the case also in silver birch. For example, large variation in the ozone 
sensitivity and susceptibility to herbivores has been found among selected silver birch 
clones from different origins (Pääkkönen et al. 1997; Mutikainen et al. 2000, 2002). 
Likewise, differences have been found in soil related processes, insect-plant interactions, 
growth and photosynthesis between two selected silver birch clones from different origins 
grown under elevated ozone and CO2 (Oksanen et al. 2005; Riikonen et al. 2005; 
Kasurinen et al. 2006; Peltonen et al. 2006). Even though genetic differentiation among 
wind-pollinated silver birch populations in northern Europe is rather low (Rusanen et al. 
2003), studies using selected genotypes from different (and distant) origins may not reveal 
the true potential of silver birch to adapt to changing conditions. In addition, selected 
genotypes from different origins may be irrelevant in ecosystem ecology studies. 
Therefore, a sample of 30 genotypes have been randomly chosen from a local naturally 
regenerated birch stand over 10 years ago to represent the within population variation of 
silver birch in further experiments. Earlier studies have already shown that the within-
population variation in secondary chemistry and competitive ability and herbivore 
resistance is large, and that herbivory may maintain this variation (see thesis by Laitinen 
2003 and Prittinen 2005).  
With respect to resistance to herbivores silver birch is one of the most studied tree 
species, but downy birch (Betula pubescens Ehrh.) has also long been a centrepiece of a 
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plant-insect interaction research, especially its subspecies mountain birch (Betula pendula 
ssp. czerepanovii [Orlova] Hämet-Ahti) (reviewed by Haukioja 2003). While silver birch 
maintains species integrity in the face of abundant interspecific gene flow, mountain birch 
results from introgression of dwarf birch (Betula nana L.) to the downy birch. Mountain 
birch forests form the tree-line in northernmost Norway, Sweden, Finland and 
northwestern Russia. In this area, the autumnal moth (Epirrita autumnata Borkhausen) 
periodically reaches outbreaking densities and defoliate or even kill large areas of birch 
stands. By contrast, silver birch does not face such outbreaking insect densities, even 
though the distribution of the autumnal moth covers whole Finland. 
By studying the genetic variation of silver birch we can also learn more about the role 
of plant genetics in ecosystem functioning. The maintenance of variation in resistance has 
often been linked to trade-offs with other traits related to fitness, such as growth and 
tolerance to herbivory (see eg. Bergelson and Purrington 1996; Strauss et al. 2002). Some 
studies with silver birch have found costs of this type (Mutikainen et al. 2002; Prittinen et 
al. 2003), while others have not (Rousi et al. 1991, 1993; Laitinen et al. 2004). However, 
fitness costs may also arise due to lost opportunities as a result of investments to defense 
early in ontogeny (opportunity costs [Coley et al. 1985]) and through interactions between 
plants and their biotic and abiotic environment (ecological costs [Simms 1992]). 
The traits that influence plant resistance to leaf herbivores, such as leaf toughness and 
concentrations of primary and secondary compounds, can also affect the resistance of leaf 
litter to decomposers among different plant species (e.g. Grime et al. 1996; Cornelissen et 
al. 1999; Wardle et al. 2002). In addition, the herbivore-resistance traits of a dominant 
plant species may have profound effects on the dependent herbivorous communities, and 
there may be indirect links between primary consumers and decomposers (reviewed by 
Whitham et al. 2006). However, studies that have combined genetics with community and 
ecosystem ecology have mainly used interspecific hybrids, which presumably show larger 
genetic trait variation than a pure species, and studies of other systems are still needed.  
 
1.3. Special problems relating to increased oxidative stress 
Ozone is a strong oxidative pollutant that is formed photochemically in the presence of 
nitrogen oxides (NOX) (Royal Society 2008). Oxidative stress in forests is generally 
thought to increase with higher temperatures. Higher temperatures accelerate O3 
production (depending on NOX regime), and are likely to increase biogenic VOC 
emissions, leading to higher surface O3 concentrations in places where concentrations of 
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NOX are high (Royal Society 2008). When multiple stressors are active at the same time, 
e.g. combinations of high ozone and low temperatures, oxidative stress will increase 
(IPCC 2007). Ozone is also an important greenhouse gas and may contribute to increased 
rates of climate change indirectly, due to its effect on rates of CO2 uptake by terrestrial 
ecosystems (Royal Society 2008).  
It is estimated that concentrations of ground-level ozone will increase until 2100 
(IPCC 2007), which will possibly reduce the current strength of the Northern Hemisphere 
forests  as  a  carbon  sink  in  the  future  (Wittig  et  al.  2009).  This  is  due  to  the  fact  that  
membrane lipids as well as components of chloroplasts, and thus the whole photosynthetic 
machinery of trees, is highly sensitive to oxidative damage.  
Plant stress responses generically involve the production of excess reactive oxygen 
species (ROS), such as singlet oxygen, superoxide, hydrogen peroxide and hydroxyl 
radicals. To avoid oxidative damage plants have evolved entzymatic (e.g. superoxide 
dismutase, peroxidises, catalases and reductases) and non-entzymatic (e.g. ascorbate, 
glutathione, phenyl-propanoids and xanthophylls) ROS scavenging systems. Recently, it 
has been suggested that volatile isoprenoids have an important, but relatively 
unappreciated role in mitigating the effects of oxidative stress by mediating the oxidative 
status of the plant (reviewed by Vickers et al. 2009). 
 
1.4. Aims of this study 
The aim of this work was to study in greater depth the extent of genetic variation within a 
natural population of silver birch focusing on their resistance to abiotic (ozone and frost) 
and biotic (insect herbivores) stressors. Secondly I aimed to combine my findings with 
those  of  earlier  work  in  the  same  system  and  thus  asses  the  potential  of  silver  birch  to  
adapt to climate change. A final aim of the thesis was to study how greatly genotypic 
variation affected several ecosystem processes related to silver birch. The main questions 
addressed in the thesis are given in Table 1. 
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Table 1. Summary of the main research topics, description of the experiments, the number 
of genotypes and the measured parameters studied in the thesis. All genotypes originate 
from randomly selected ‘mother trees’ from a natural population of birch.  
 
Research topic Description of the 
experiment 
No. 
genotypes 
Measured 
parameters 
Chapter II: Does ozone 
exacerbate the effects of 
springtime frost, and do 
birch genotypes respond 
similarly to their 
interaction? 
Exposure to O3 in 2003, 
exposure to the interaction of 
O3 and springtime frost in 
2004 (one-year-old open-
pollinated saplings) 
4  Net photosynthesis, 
chlorophyll 
fluorescence, ozone 
damage index, 
height, diameter, 
biomass 
Chapter III: Do birch 
genotypes vary in their 
resistance to insect 
herbivores and does this 
resistance have costs?  
2002-2003 (tolerance only 
2002), Kuikanniitty and 
Parikkala study sites (five-
year-old cloned saplings) 
22 Resistance*, 
tolerance†, height 
and diameter 
increment  
Chapter IV: Are insect 
communities feeding on 
birch structured by the 
underlying effects of birch 
genotype?  
 
2002-2003, Kuikanniitty and 
Parikkala study sites, 
five-year old cloned saplings 
22 The abundance of 27 
individual insect 
species, sapling 
‘surface area’ 
Chapter V: Does birch 
genotype have effects on 
organisms that decompose 
their leaf litter and is it 
related to their insect 
herbivore resistance?  
Leaves were collected in 
2002 from Kuikanniitty, 
litter mass loss was 
measured in the laboratory 
19 Leaf litter mass loss, 
soluble proteins, total 
N, lignin, specific 
leaf area 
* Resistance = number of undamaged leaves, † tolerance = difference in the relative growth rate between 
saplings with and without insect herbivory in relation to resistance 
 
 
 
 
References  
Aitken  SN,  Yeaman  S,  Holliday  JA,  Wang  T,  
Curtis-McLane 2008. Adaptation, 
migration or extirpation: climate change 
outcomes for tree populations. Evol Appl 
1:95-111  
Andrew NR and Hughes L 2007. Potential host 
colonization by insect herbivores in a 
warmer climate: a transplant experiment. 
Global Change Biol 13:1539-1549  
Bergelson J and Purrington CB 1996. Surveying 
patterns in the cost of resistance in plants. 
Am Nat 148:536-558  
Briceño-Elizondo E, Garcia-Gonzalo J, Peltola H, 
Matala J and Kellomäki S 2006. Sensitivity 
of growth of Scots pine, Norway spruce 
and silver birch to climate change and 
forest management in boreal conditions. 
Forest Ecol Manag 232:152-167  
Coley PD, Bryant JP and Chapin FSI 1985. 
Resource availability and plant 
antiherbivore defence. Science 230:895-
899  
Cornelissen JHC, Perez-Harguindeguy N, Diaz S, 
Grime JP, Marzano B, Cabido M, 
Vendramini F and Cerabolini B 1999. Leaf 
structure and defence control litter 
decomposition rate across species and life 
forms in regional floras on two continents. 
New Phytol 143:191-200  
Grime JP, Cornelissen JHC, Thompson K and 
Hodgson JG 1996. Evidence of a causal 
connection between anti-herbivore defense 
and the decomposition rate of leaves. Oikos 
77:489-494  
Hänninen H 2006. Climate warming and the risk 
of frost damage to boreal forest trees: 
identification of critical ecophysiological 
traits. Tree Physiol 26:889-898  
Haukioja E 2003. Putting the insect into the birch-
insect interaction. Oecologia 136:161-168  
IPCC 2007. Climate Change 2007: The Physical 
Science Basis. Contribution of Working 
Group I to the Fourth Assessment Report of 
the Intergovernmental Panel on Climate 
Change. Cambridge University Press, 
Cambridge, UK and New York, NY, USA  
  16 
Jump AS, Marchant R and Peñuelas J 2009. 
Environmental change and the option value 
of genetic diversity. Trends Plant Sci 
14:51-58  
Jylhä K, Tuomenvirta H and Ruosteenoja K 2004. 
Climate change projections for Finland 
during the 21st century. Boreal Env Res 
9:127-152  
Kasurinen A, Riikonen J, Oksanen E, Vapaavuori 
E and Holopainen T 2006. Chemical 
composition and decomposition of silver 
birch leaf litter produced under elevated 
CO2 and O3. Plant Soil 282:261-280  
Kozlov M 2008. Losses of birch foliage due to 
insect herbivory along geographical 
gradients in Europe: a climate-driven 
pattern? Clim Change 87:107-117  
Laitinen M-L 2003. Variation in secondary 
chemistry within a natural population of 
birch: Effects of genotype, environment and 
ontogeny. PhD Dissertations in Biology. 
University of Joensuu  
Laitinen M-L, Julkunen-Tiitto R, Yamaji K, 
Heinonen J and Rousi M 2004. Variation in 
birch bark secondary chemistry between 
and within clones: implications for 
herbivory by hares. Oikos 104:316-326  
Luck GW, Daily GC and Ehrlich PR 2003. 
Population diversity and ecosystem 
services. Trends Ecol Evol 18:331-336  
Mutikainen P, Walls M, Ovaska J, Keinanen M, 
Julkunen-Tiitto R and Vapaavuori E 2000. 
Herbivore resistance in Betula pendula: 
effect of fertilization, defoliation, and plant 
genotype. Ecology 81:49-65  
Mutikainen P, Walls M, Ovaska J, Keinänen M, 
Julkunen-Tiitto R and Vapaavuori E 2002. 
Costs of herbivore resistance in clonal 
saplings of Betula pendula. Oecologia 
133:364-371  
Oksanen E, Riikonen J, Kaakinen S, Holopainen T 
and Vapaavuori E 2005. Structural 
characteristics and chemical composition of 
birch (Betula pendula) leaves are modified 
by increasing CO2 and ozone. Global 
Change Biol 11:732-748  
Oksanen E, Kontunen-Soppela S, Riikonen J, 
Peltonen P, Uddling J and Vapaavuori E 
2007. Northern environment predisposes 
birches to ozone damage. Plant Biol 9:191-
196  
Pääkkönen E, Holopainen T and Kärenlampi L 
1997. Variation in ozone sensitivity among 
clones of Betula pendula and Betula 
pubescens. Environ Pollut 95:37-44  
Parmesan  C,  Ryrholm  N,  Stefanescu  C,  Hill  JK,  
Thomas  CD,  Descimon  H,  Huntley  B,  
Kaila L, Kullberg J, Tammaru T, Tennent 
WJ, Thomas JA and Warren M 1999. 
Poleward shifts in geographical ranges of 
butterfly species associated with regional 
warming. Nature 399:579-583  
Peltola H, Kellomäki S 2005. Ilmastonmuutoksen 
vaikutukset metsäekosysteemin toimintaan 
ja rakenteeseen sekä metsien hoitoon ja 
ainespuun tuotantoon. In: J Riikonen and E 
Vapaavuori (eds) Ilmasto muuttuu - 
mukautuvatko metsät. Metsäntutkimus-
laitoksen tiedonantoja 944, Research 
reports of the Finnish Forest Research 
Institute, pp 99-113  
Peltonen PA, Julkunen-Tiitto R, Vapaavuori E and 
Holopainen JK 2006. Effects of elevated 
carbon dioxide and ozone on aphid 
oviposition preference and birch bud 
exudate phenolics. Global Change Biol 
12:1670-1679  
Petit R and Hampe A 2006. Some evolutionary 
consequences of being a tree. Annu Rev 
Ecol Evol Systemat 37:187-214  
Prittinen K 2005. Herbivory among competing 
seedlings: Effects on silver birch 
populations. PhD Dissertations in Biology. 
University of Joensuu  
Prittinen K, Pusenius J, Koivunoro K and 
Roininen H 2003. Genotypic variation in 
growth and resistance to insect herbivory in 
silver birch (Betula pendula) seedlings. 
Oecologia 137:572-577  
Riikonen J, Holopainen T, Oksanen E and 
Vapaavuori E 2005. Leaf photosynthetic 
characteristics of silver birch during three 
years of exposure to elevated 
concentrations of CO2 and  O3 in the field. 
Tree Physiol 25:621-632  
Root  TL,  Price  JT,  Hall  KR,  Schneider  SH,  
Rosenzweig C and Pounds JA 2003. 
Fingerprints of global warming on wild 
animals and plants. Nature 421:57-60  
Rousi M, Tahvanainen J and Uotila I 1991. A 
mechanism of resistance to hare browsing 
in winter-dormant European white birch 
(Betula pendula). Am Nat 137:64-82  
Rousi M, Tahvanainen J, Henttonen H and Uotila 
I 1993. Effects of shading and fertilization 
on resistance of winter-dormant birch 
(Betula Pendula) to voles and hares. 
Ecology 74:30-38  
Royal Society 2008. Ground-level ozone in the 
21th century: future trends, impacts and 
policy implications. Report 15/08, October 
2008, http://royalsociety.org/ displaypage 
doc.asp?id=31506  
Rusanen M, Vakkari P and Blom A 2003. Genetic 
structure of Acer platanoides and Betula 
pendula in northern Europe. Can J Forest 
Res 33:1110  
Simms EL 1992. Costs of plant resistance to 
herbivory. In: RS Fritz and EL Simms (eds) 
Plant resistance to herbivores and 
pathogens: ecology, evolution and genetics. 
University of Chicago Press, Chicago, 
USA, pp 392-425  
Skärby L, Ro-Poulsen H, Wellburn FAM and 
Sheppard LJ 1998. Impacts of ozone on 
forests: a European perspective. New 
Phytol 139:109-122  
  17 
Strauss  SY,  Rudgers  JA,  Lau  JA  and  Irwin  RE  
2002. Direct and ecological costs of 
resistance to herbivory. Trends Ecol Evol 
17:278-285  
Vickers CE, Gershenzon J, Lerdau MT, Loreto F 
2009. A unified mechanism of action for 
volatile isoprenoids in plant abiotic stress. 
Nat Chem Biol 5:283-291 
Walther  G-R,  Post  E,  Convey  P,  Menzel  A,  
Parmesan  C,  Beebee  TJC,  Fromentin  J-M,  
Hoegh-Guldberg O and Bairlein F 2002. 
Ecological responses to recent climate 
change. Nature 416:389-395  
Wardle DA, Bonner KI and Barker GM 2002. 
Linkages between plant litter 
decomposition, litter quality, and 
vegetation responses to herbivores. Funct 
Ecol 16:585-595  
Whitham TG, Bailey JK, Schweitzer JA, Shuster 
SM, Bangert RK, LeRoy CJ, Lonsdorf EV, 
Allan  GJ,  DiFazio  SP,  Potts  BM,  Fischer  
DG,  Gehring  CA,  Lindroth  RL,  Marks  JC,  
Hart SC, Wimp GM and Wooley SC 2006. 
A framework for community and 
ecosystem genetics: from genes to 
ecosystems. Nat Rev Genet 7:510-523  
Wittig VE, Ainsworth EA, Naidu SL, Karnosky 
DF and Long SP 2009. Quantifying the 
impact of current and future tropospheric 
ozone on tree biomass, growth, physiology 
and biochemistry: a quantitative meta-
analysis. Global Change Biol 15:396-424  
Wolf A, Kozlov M and Callaghan T 2008. Impact 
of non-outbreak insect damage on 
vegetation in northern Europe will be 
greater than expected during a changing 
climate. Clim Change 87:91-106  
Zvereva EL and Kozlov M 2006. Consequences of 
simultaneous elevation of carbon dioxide 
and temperature for plant–herbivore 
interactions: a meta-analysis. Global 
Change Biol 12:27-41  
 
  
 
 
 
 
 
 
 
 
CHAPTER VI 
 
 
 
GENERAL DISCUSSION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  75 
GENERAL DISCUSSION 
6.1. Variation in abiotic resistance  
6.1.1. Phenology is affected by birch genotype  
In a natural silver birch population there are clear phenotypic differences in spring 
phenology. The accumulation of the temperature sum is the factor that mostly determines 
the timing of bud burst, and 9-year daily observations of 30 trees have shown 
that interannual variations are large. If temperature accumulation is rapid, the among-tree 
phenological differences are small (2-3 days), but in cool springs these differences may be 
as much as four weeks (Rousi and Heinonen 2007). These among-tree differences have a 
strong genetic base, as shown by the present experiments (Fig 1, Table 2, authors 
unpublished data) and earlier observations using birch genotypes selected for breeding 
programs (Rousi and Pusenius 2005). 
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Figure 1. Median date of bud burst among birch genotypes in Kuikanniitty (2002-2005) 
and in Parikkala (2002-2003). Buds were monitored daily on 12 saplings per genotype and 
8-12 buds per sapling.  
 
Young  expanding  leaves  are  the  most  sensitive  to  frost  (Taschler  et  al.  2004),  and  
genotypes in the most susceptible phenological stage during the frost incidence suffer 
most from it. Large genotypic variation among birch seedlings in their response to ozone 
and frost stress was found in an earlier chamber study (Prozherina et al. 2003; Oksanen et 
al.  2005a),  while  in  this  work  genotype-specific  response  to  ozone  and  frost  were  not  
observed in field conditions (Chapter II). This discrepancy is probably mainly due to low 
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number of replicates (n = 4), but may be partly explained by different temperature 
conditions. In field conditions (Chapter II), temperature accumulated rapidly and led to 
minimal differences in the timing of bud burst. This equalized the phenological stages and 
leaf age of the research plants and led to a similar accumulation of ozone uptake during 
the frost treatment. In the chamber experiment, ozone delayed bud burst, and birch 
genotypes  differed  strongly  in  their  phenology  (Prozherina  et  al.  2003;  Oksanen  et  al.  
2005a), resulting in age-dependent sensitivity differences and genotype-specific responses 
to ozone and frost.  
 
Table 2. Results of the linear models of Anova analyzing the effects of year, environment 
and birch genotype on the timing of bud burst. All effects were treated as random, year 
was a repeated effect. Random effect with a zero variance component (genotype x year x 
environment) was dropped from the final model.    
Covariance parameter Estimate SE Wald Z p 
Environment (E) 0.12 0.22 0.45 0.59 
Year (Y) 56.12 45.85 1.22 0.22 
Genotype (G) 1.35 0.49 2.73 0.006 
E x Y 0.01 0.04 0.22 0.83 
E X G 0.14 0.08 1.67 0.10 
Y x G 0.54 0.16 3.48 0.001 
  
 
6.1.2. Ozone damage to birch emerges with time  
Second-year open-pollinated saplings appeared to be fairly tolerant to low-level elevated 
ozone exposure (Chapter II). In the first study year, the height increment of ozone exposed 
seedlings was even enhanced, which is a rather typical response in short-term low-ozone 
experiments with birch (Oksanen and Holopainen 2001; Prozherina et al. 2003; Yamaji et 
al. 2003). Similar growth enhancement, which is thought to be a compensatory response 
by which seedlings replace losses in leaf-level photosynthesis, pigments and Rubisco 
(Brendley and Pell 1998), was no longer observed in the second study year (Chapter II). 
In silver birch, considerable growth losses may not emerge until after prolonged ozone 
exposures over several growing seasons, especially in some genotypes (Oksanen 2003; 
Riikonen et al. 2004).  
Visible ozone symptoms in the leaves of the birch saplings were concentrated in the 
lower parts of the canopy (Chapter II). This may indicate that susceptibility to ozone 
stress increases with leaf age due to reduced ozone detoxification capacity e.g. through 
low molecular mass antioxidants (Blokhina et al. 2003; Oksanen et al. 2007; Prochazkova 
and Wilhelmova 2007) and defensive volatile organic compounds (Centritto et al. 2004). 
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Lower oxidative stress tolerance of older birch leaves has also been reported earlier by 
(Oksanen et al. 2005b). On the other hand, the greater amount of visible ozone symptoms 
with leaf ageing may also reflect cumulative ozone uptake by these leaves.  
Ozone reduced the concentrations of photosynthetic pigments in all birch genotypes, 
but had very variable, inconsistent and genotype-specific effects on the leaf-level net 
photosynthesis of the birch saplings (Chapter II). In an earlier open-top chamber study 
with two birch clones, it was found that despite reductions in pigment concentrations, net 
photosynthesis is not necessarily affected by elevated ozone (Riikonen et al. 2005), even 
though in general net photosynthesis is reduced by elevated ozone ( Pääkkönen et al. 
1996; Dizengremel 2001; Karnosky et al. 2005; Löw et al. 2006). It has also been shown 
in a model system, with mutant plants of Arabidopsis thaliana (L.) Heynh., that the ozone 
sensitivity of each mutant type seems to be caused by a unique set of alterations in 
different defence components, e.g. stress hormones, signaling pathways, several genes, 
antioxidants and physiological characteristics (e.g. stomatal conductance) (Overmyer et al. 
2008). Thus the mechanisms of plant responses to ozone and other oxidative stressors 
remain inadequately defined, and further research is needed to identify new components. 
Recent studies have showed that the presence of volatile isoprenoids improves the ability 
of plants to deal with internal oxidative changes regardless of the nature of the external 
(physiological) stressor (reviewed by Vickers et al. 2009). Since these compounds are 
emitted especially by woody plants, their role in silver birch stress responses could be 
worth further study at a later date.  
 
6.1.3. Spring-time frost causes a collapse in net photosynthesis  
Springtime frost treatment led to a remarkable 60 % decline in leaf-level net 
photosynthesis directly after frost (Chapter II). This was followed by a prolonged 
recovery time as in an earlier chamber study using the same birch genotypes (Oksanen et 
al. 2005a). Long-lasting suppression of net photosynthesis led to considerable growth 
losses in birch saplings within a three-week period after frost (Chapter II). This effect of 
impaired spring development may even cumulate towards the end of the growing season, 
as found in a study by (Häikiö et al. 2007). This is due to the fact that the seasonal peak of 
solar radiation receipt and consequently one of the most effective times for photosynthesis 
and growth occur early in the growing season throughout much of northern Europe 
(Cannell 1989). Frost-induced suppression of photosynthesis seemed to lead to 
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accumulation of excess nitrogen in the birch leaves, which may make them more 
susceptible to herbivory.  
Even though many tree species exposed to high ozone concentrations have shown 
reduced freezing tolerance (Skärby et al. 1998), very little evidence to support this was 
found in this study. The additive effects of the interaction of ozone and frost were found 
only on growth parameters, where ozone exacerbated the effect of frost on diameter 
increment and leaf biomass accumulation (Chapter II). Earlier chamber experiments with 
the same birch genotypes have shown both positive and negative interactions between 
ozone and frost, depending on the measured parameter; e.g. frost may protect the seedling 
from visible ozone injury, but on the other hand structural damages in chloroplasts might 
be exacerbated in combined stress situations (Oksanen et al. 2005a; Prozherina et al. 
2003). Since genotypes might respond differently to both of these stress factors and their 
interaction (Oksanen et al. 2005a; Prozherina et al. 2003), it is difficult to draw general 
conclusions on birch success in multiple stress situations.  
 
6.2. Variation in biotic resistance  
6.2.1. Costs of resistance in silver birch 
6.2.1.1. Allocation costs 
Due to limited pool of available resources, plant resistance is thought to have fitness costs 
in terms of growth and reproduction (see e.g. Herms and Mattson 1992; Simms 1992; 
Bergelson and Purrington 1996; Strauss et al. 2002; Koricheva et al. 2002). The existence 
of a trade-off between growth and defence is not straightforward in silver birch and 
studies that have addressed this issue have produced conflicting results (Rousi et al. 1991, 
1993; Mutikainen et al. 2002; Prittinen et al. 2003a; Tikkanen et al. 2003). For example, 
fast growing silver birch seedlings tend to have more resin droplets on the bark, which 
make the seedlings less palatable to both hare and voles (Rousi et al. 1991, 1993; Pusenius 
et al. 2002; Laitinen et al. 2004). This is despite the fact that the biosynthetic costs of 
terpenoids, the main constituents of resin, are highest for alkaloids and terpenoids 
(Gershenzon 1994). Terpenoids also generally require complex storage structures, such as 
resin ducts. However, in contrast to alkaloids and phenolics, the synthesis of terpenoids 
does not share a common precursor with protein synthesis. Thus the production of 
terpenoids does not compete with protein synthesis and consequently plant growth 
(Haukioja et al. 1998). Availability of storage compartments appears to be the main 
constraint for terpenoid production, and based on fertilization experiments their formation 
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seem to be a positive function of plant growth (Björkman et al. 1991; Mutikainen et al. 
2000). Another possibility to explain positive correlations between terpenoids and growth 
in birch is that larger seedlings have relatively small surface area compared to smaller 
seedling and the relative costs of producing surface defences per seedling should therefore 
be lower for larger seedlings (Rousi et al. 1996). A study by Pusenius et al. (2002), using 
same genotypes as in this thesis, showed that the vole preference was positively related to 
the genotype average of seedling height and negatively to that of resin droplet density. 
Thus, high resin droplet density is beneficial especially for fast-growing genotypes. 
Studies that have examined costs of resistance to insect herbivores have often, but not 
always (Tikkanen et al. 2003), found lower seedling/sapling growth in higher resistance 
(Mutikainen et al. 2002, Prittinen et al. 2003a). In this thesis genotypes clearly differed in 
their general insect resistance, but no costs of insect resistance were detected (Chapter 
III). The present thesis work also suggests that if defence (resistance and/or tolerance) 
costs in terms of lower growth are found in birch saplings, they are highly dependent on 
the environment, because silver birch saplings show high phenotypic plasticity in their 
growth, but not in their resistance (Chapter III). Thus, growth may not be a reliable 
measure of fitness in defining defence allocation costs in long-lived trees. We are 
commonly making the assumption that the growth rate of long-lived plants relates to 
fitness, even though there may be secondary tradeoffs between growth and reproduction, 
which may preclude the detection of fitness costs of defence if fitness is measured in 
terms of growth alone (Mole 1994; van Noordwijk and de Jong 1986). Could costs of 
resistance in silver birch therefore be actually realized as a delayed maturity, lower 
fecundity and offspring production later in their life span? An unpublished data by Rousi 
and Heinonen on flowering, seed set and germination using mature trees of the same 
genotypes  as  in  this  study,  does  not  reveal  any  obvious  signs  of  lower  fecundity  and  
offspring production in the resistant genotypes. Further, the amount of male flowers in the 
saplings of Kuikanniitty has been monitored each year since 2005, and around half of the 
genotypes (9 out of 22) started to flower in 2006 (Rousi unpublished data). In 2007 there 
were only two non-flowering genotypes. Thus, the genotypes seemed to reach maturity at 
different years, but that was not related to the insect resistance of the same genotypes. 
This  is  not  surprising,  since  if  we  consider  the  long  lifespan  of  silver  birch  and  their  
massive flowering and seed production, one year’s difference would not be very 
remarkable for the lifetime viable offspring production, i.e. fitness. The sum of male 
flowers during 2005-2008 in Kuikanniitty was not correlated with insect resistance either 
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(Rousi unpublished data). It seems unlikely that insect resistance, which has been 
measured from five-year-old saplings and may depend on the ontogeny and the type and 
amount of competition (Chapter III), could be significantly associated with the offspring 
production of these trees. 
It should be noted that the saplings in the present study were already five-year old 
when costs were measured, while Mutikainen et al. (2002) used third-year saplings and 
Prittinen et al. (2003a) first-year seedlings. Maybe, after achieving certain size and age, 
silver birch saplings are well able to both grow and maintain their various resistance traits. 
Earlier mountain birch studies have shown that the accumulations of phenolics (often 
considered important in resistance) in mature trees is positively related to leaf growth and 
there are no trade-offs between phenolic production and shoot growth. In addition, a meta-
analysis by (Koricheva et al. 2004) shows that trees are well able to maintain various 
mechanical and chemical resistance traits without paying considerable trade-offs: only 
trade-off have been found between constitutive and induced resistance. In any case, 
because the mechanism of resistance in silver birch can vary from constitutive to induced 
resistance and may involve different secondary chemicals and surface traits (Laitinen et 
al. 2004; Mutikainen et al. 2000; Valkama et al. 2005a; Valkama et al. 2005b) costs are 
also likely to be caused by a combination of different factors and therefore difficult to 
detect. 
 
6.2.1.2. Ecological costs 
Fitness costs of defence may also be realized as ecological costs, i.e. resistance against 
one herbivore increase susceptibility to other types of herbivores, pathogens and abiotic 
stresses, or deter pollinators, predators and parasitoids (Simms 1992). These have rarely 
been examined on silver birch. However, Mutikainen et al. (2002) found that the 
concentration of flavonol glycosides, that was earlier considered to reduce Epirrita 
autumnata performance (Mutikainen et al. 2000), correlated negatively with hare 
resistance of the same clones. Yet, that was the only significant negative correlation 
among many indices of resistance to insect and mammalian resistance, and thus not very 
strong evidence of ecological costs. In a study by Rousi et al. (1997) the seedling or 
sapling palatability to voles, hares and two weevil species were not correlated, while in a 
study by Pusenius et al. (2002) the preference ranks of voles and insects were clearly and 
positively correlated. Also in the present study, if significant correlations between 
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different species were found, they were always positive (Chapter V), thus indicating no 
ecological costs in terms of resistance to different insect species.  
The birch rust fungus (Melampsoridium betulinum Fries) is one of the most important 
birch pathogens, which may cause severe growth losses in diseased seedlings or saplings 
and increase their mortality (Poteri 1999). The observed negative correlation between rust 
fungus infection and the relative growth rate of Epirrita autumnata among mountain birch 
genotypes indicates that an ecological cost may be developed between resistance to 
fungus and herbivores (Ahlholm et al. 2002a). Yet, the heritabilities of the rust fungus on 
the same trees have been fairly low (Elamo et al. 2000), and the authors thought that the 
efficiency of selection for rust resistant genotypes and a shift towards susceptibility to 
autumnal moth in natural mountain birch populations is probably weak. The saplings in 
Kuikanniitty and in Parikkala were also monitored for their rust fungus infection in 
autumn 2002, when rust fungus was very abundant. The genotype means of the rust 
fungus infection was negatively associated with general insect resistance, but only in 
Parikkala. This is probably due to the fact that the genotype effect on rust fungus infection 
was dependent on the environment (yet only marginally significantly, author’s 
unpublished data). In addition, the abundances of four individual insect species were 
significantly negatively (in one case positively) associated with rust fungus infections. 
However, the significance levels of all of these correlations were so low that they cannot 
be regarded significant after Bonferroni correction. Thus, the present study failed to find 
any significant ecological costs, but the possibility of having trade-offs between resistance 
to herbivores and abiotic factors cannot be ruled out.  
 
6.2.1.3. Opportunity costs 
In experimental birch stands, which were established to realistically mimic the heavy 
intrapecific competition of silver birch, the seedlings that were preferred by insects grew 
better than undamaged seedlings, even after damage (Prittinen et al. 2003a). In this case, 
resistance to insect herbivory seemed to have costs not only in terms of internal allocation 
between growth and resistance (Prittinen et al. 2003a), but also in terms of opportunity 
costs (see Coley et al. 1985), because slow-growing and resistant birch seedlings lost their 
positions in the competition for light and suffered from higher mortality (Prittinen et al. 
2003b). It is quite clear that to reach maturity and produce viable offspring, the seedlings 
and saplings of this early successional tree species must first overcome other competing 
plants (which often represent the same species) and grow fast out of the reach of voles and 
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hares. Therefore also the costs are probably to be paid at the early stages of their lifespan, 
or at least they are most likely to be found from young seedlings/saplings.  
  
6.2.2. Maintenance of genotypic variation in insect herbivore resistance  
Abundances of birch-feeding insect species in this study were generally rather low. One 
exception was the lepidopteran moth Eriocrania, which was so common that it could 
probably alone have significant negative effects on sapling growth (Chapter IV). Yet, in 
some years, e.g. the birch bell moth (Epinotia tetraquetrana Haworth) and weevils (e.g. 
Phyllobius sp.) can be quite abundant and may cause severe damage in birch plantations 
(Annila 1979; Poteri 1999). It has been thought that spatial and temporal variation in 
population sizes of the herbivores can maintain high genetic resistance variation in silver 
birch populations by affecting seedling cohorts differently. Namely, in this fast growing 
successional tree species, both voles and insects are able to compensate for the effects of 
intraspecific competition among genotypes, which favors the coexistence of the genotypes 
differing in their susceptibility to herbivores (Pusenius et al. 2002). In addition, herbivores 
can change the genetic structure of silver birch populations (Prittinen et al. 2003b, 2006). 
The role of selective herbivory in maintaining genetic diversity of silver birch populations 
may be even more pronounced on larger scales, i.e. scales where the movement of pollen 
between populations occurs. This is because birch genotype effects on particular insects 
(e.g. E. tetraquetrana) was commonly dependent on temporal and environmental variation 
(Chapter IV). In addition, significant genotype x environment interactions in the 
production of triterpenoids, important constituents of hare and vole resistance, has been 
found in earlier studies that used the same saplings as in this study (Laitinen et al. 2005). 
Similarly, it has been shown that the susceptibility of the mountain birch genotype to a 
common foliar endophyte of birch trees may change in natural environments when 
environmental conditions are changed (Ahlholm et al. 2002b). Likewise, plasticity in 
genetically determined birch properties was thought to be a cause to the difference in the 
genetic correlation structure of the association between birch rust fungus and Epirrita 
autumnata between mountain birch common gardens (Ahlholm et al. 2002a). Thus, 
genotype x environment interactions seem to be fairly common in birch (see also sections 
6.2.1.2. and 6.2.3.), which makes the predictability of the patterns quite difficult. In 
addition to herbivores, abiotic factors may maintain variation in resistance in a similar 
manner; e.g. in some years and regions, early starting genotypes may suffer severely from 
springtime frost and be outcompeted by late starting genotypes (see Section 6.1.3.).  
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Figure 2. A number of different species from diverse taxa feed on B. pendula: 1) 
Eriocrania sp. 2) Parornix betulae Stainton 3) Euceraphis betulae Koch 4) unidentified 
Cecidomyiidae 5) Hemichroa australis Lepeletier 6) Croesus septentrionalis Linnaeus 7) 
Deporaus betulae Linnaeus 8) Phyllonorycter cavella Zeller 9) tentatively Teleiodes sp. 
10) Stigmella sp. 11) Agromyza alnibetulae Hendel 12) tentatively Euzophera 
fuliginosella Heinemann 13) Trichiosoma sp. 14) Orchestes rusci Herbst. 
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6.2.3. Insect communities are structured by birch genotypes 
The genetic variation within a natural silver birch population also affected insects at the 
community level (Chapter IV, Fig 2). Although all genotypes supported equal arthropod 
richness, the actual species that composed these communities were remarkably different 
among birch genotypes. This indicates that underlying plant genetic differences may be 
fundamental in the structuring of arthropod communities.  Temporal and environmental 
variation also had a great effect on species composition. However, the species turnover 
from year to year appeared to be greater than from the abandoned field site at Kuikanniitty 
to the forest site at Parikkala. 
As presumed already twenty years ago (Fritz and Price 1988), the within-population 
variation regarding plant resistance to herbivores seems to be a fundamental basis for 
genotypic differences in birch-feeding insect herbivore community structure (Chapter IV). 
About a fifth of the surveyed insect species responded to variation among silver birch 
genotypes, and resistance differences were commonly affected by the environment and/or 
the study year (see also Section 6.2.2.). Consequently, the genotype effect on community 
structure depended on the temporal and environmental variation in species composition, a 
finding similar to the study with evening primrose (Oenothera biennis L.) where genotype 
and environment interacted to shape arthropod communities (Johnson and Agrawal 2005). 
In studies where the same NMS (non-metric multidimensional scaling) technique has been 
used to examine community genetics, no genotype x environment (or year) interactions 
have been found (Wimp et al. 2004, 2007). These studies, however, have been conducted 
with interspecific hybridizing Populus species and it may be that the larger genetic 
differences between hybrids are not so sensitive to environmental variation. 
Generally insect species differed in their response to variation of their host plant 
(Chapter IV). Since only two pairs of species were somewhat correlated across 
environments and year, the associations between different species within silver birch 
feeding insect communities seem to be based mainly on random associations. This finding 
is  somewhat  opposite  to  the  findings  in  mountain  birch  studies,  where  the  growth  of  
different insect species generally ranks individual mountain birch trees similarly 
(Hanhimäki et al. 1995; Kause et al. 1999a). However, bioassays and field observations 
may not be comparable. This is because our insects (or at least the ovipositing females) 
were able to choose their host genotypes, while bioassays often measure larvae growth by 
feeding the larvae with no-choice leaves. However, our unpublished feeding experiments 
are indicating the same pattern: different species rank silver birch genotypes differently. 
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While silver birch maintains species integrity in the face of abundant interspecific gene 
flow, studied mountain birches are probably mainly interspecific hybrids and backcrosses 
between Betula pubescens and Betula nana and thus exhibit larger differences in their 
genomics. In addition, the differences in leaf quality for herbivores may be more 
pronounced in harsher northern conditions than in more southern silver birch distribution 
areas. Namely, the ranks among individual mountain birch trees were remarkably similar 
especially in the “low leaf quality year”, which follows an extremely cold season, while in 
“good leaf quality year” only few species ranked similarly (Hanhimäki et al. 1995).  
The resistance mechanisms of silver birch can vary from constitutive to induced 
resistance and may involve different secondary chemicals and surface traits (Mutikainen 
et al. 2000; Pusenius et al. 2002; Laitinen et al. 2004; Valkama et al. 2005ab). Earlier 
studies have found substantial genetic variation in silver birch leaf secondary chemistry 
(Laitinen et al. 2000, 2005), nutrient concentrations and structure (Prozherina et al. 2003; 
Oksanen et al. 2005a). Further, the quality of the silver birch leaves changes during the 
leaf development (Laitinen et al. 2002). According to mountain birch studies, it is evident 
that even thought the chemical leaf properties may rank similarly between individual 
trees, there is high spatial and temporal leaf quality variation within a single tree (Suomela 
et al. 1995, 1996; Riipi et al. 2002, 2004). This is true especially during the spring and 
early summer and thus tree phenology may have strong influence on the relationships 
between biochemical compounds and herbivores (Kause et al. 1999b). This is probably it 
also in silver birch, and therefore it is not surprising that most of the insect species from 
diverse orders, some of which attacked saplings at different times of the season, show 
different responses to this mixture of variable and spatially and temporarily changing 
quality traits of silver birch genotypes. 
 
6.2.4. Ecosystem-level effects of the birch genotype 
Considering the large within-population variation in silver birch herbivore resistance 
(Chapter III, IV) and leaf secondary chemistry (Laitinen et al. 2000, 2004, 2005), it was 
not surprising that leaf litter mass loss also varied considerably among birch genotypes in 
laboratory conditions (Chapter V). As expected, leaf concentrations of soluble proteins 
and  total  N  were  strongly  correlated  with  leaf  litter  mass  loss  at  the  early  stages  of  the  
decomposition process. However, in contrast to the common view that those plant traits 
that protect plants against herbivore damage also inhibit litter decomposition (Cornelissen 
and Thompson 1997; Pastor and Cohen 1997; Wardle et al. 1998; Hättenschwiler and 
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Vitousek 2000; Wardle et al. 2002), insect herbivore resistance and leaf litter mass loss 
were positively associated in silver birch. This may be due to a fact, that besides being 
inherently resistant, trees can be induced by herbivore damage to produce secondary 
metabolites, such as polyphenols (Tallamy and Raupp 1991; Karban et al. 1997; Nykänen 
and Koricheva 2004), which are known to remain through leaf senescence and to 
decelerate litter decomposition (Findlay et al. 1996; Schweitzer et al. 2005). However, 
damage-induced reduction in litter quality is only one potential explanation for the 
observed positive association between resistance and decomposition, and more studies are 
needed to explain this finding.  
Genetic variation in leaf litter decomposition may potentially lead to differences in 
nutrient cycling on small local scales and thus affect silver birch nutrient availability and 
growth in the subsequent growing seasons. While the above-ground parts of silver birch 
have been the subject of intensive study, the below-ground processes have been given less 
consideration (but see Liiri et al. 2002; Tegelberg 2002; Kasurinen et al. 2006, 2007). 
Thus, to evaluate the significance of the observed within-population genotypic variation in 
litter decomposition and also to investigate the unexpected relationship between resistance 
and decomposition in more detail, new field experiments have already been set up.  
 
6.3. Climate change and the benefits of genetic diversity  
The extent to which tree populations will adapt to climate change will depend upon phenotypic 
variation, strength of selection, fecundity, interspecific competition, and biotic interactions 
(Aitken et al. 2008, Jump et al. 2009). Widespread species with large populations and high 
fecundity, like silver birch, are likely to persist. Through high genetic variation and 
phenotypic plasticity, wind-pollinated out-crossing silver birch seems to have good 
potential to adapt to the threats of future warmer climate conditions, e.g. increased 
herbivory and springtime frost incidence (Chapter II, III, IV, Section 6.1.3.). However, the 
effects of changing climate on our forest trees are likely to be projected upwards onto the 
structure of the host genotype-dependent insect communities, even without the arrival of 
exotic species. This is because the genotype effect on insect communities is dependent on 
temporal and environmental variation. Further, the success of host-genotype dependent 
insect species may be affected by altered host-genotype frequencies in the future. The 
laboratory  study of  this  thesis  suggests  that  the  amount  of  herbivore  damage may affect  
the litter decomposition of silver birch (Chapter V). Thus the changing climate could, 
apart from having direct effects on birch leaf litter quality (Kasurinen et al. 2006), also 
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affect the litter decomposition and nutrient cycling of birch forests indirectly, through 
increased herbivory.  
Conserving the genetic diversity of silver birch is important, not only for reasons of 
adaptability, but also because the genetic diversity of a plant can have important 
ecological consequences at the population, community and ecosystem levels (Hughes et 
al. 2008). The underlying genetic structure of a plant population may play a major 
structuring role in insect communities (Maddox and Root 1987; Fritz and Price 1988; 
Dungey et al. 2000; Hochwender and Fritz 2004; Johnson and Agrawal 2005; Chapter 
IV), and some studies have already shown greater arthropod diversity with greater plant 
genetic diversity (Wimp et al. 2004; Johnson et al. 2006). Thus, from a conservation 
perspective, it seems to be important to conserve genetic diversity even in very common 
species in order to support their dependent communities (Whitham et al. 2003; Wimp et 
al. 2004; Johnson et al. 2006).  
Insect herbivory on silver birch seems to be lower in tree species mixtures than in 
birch species monoculture (Vehviläinen et al. 2006, 2007). If such ‘associational 
resistance’, i.e. resistance of an individual plant due to proximity of other plants (sensu 
Tahvanainen and Root 1972), applies to genotype level as well, great within-population 
genetic variation in the resistance of silver birch could serve as a protection against 
herbivory (Chapter III, IV). Phenological synchrony between budburst and the emergence 
of larvae might be critical for the fitness of many spring-feeding insect herbivores (Ayres 
and MacLean 1987; Quiring 1994; Tikkanen and Lyytikainen-Saarenmaa 2002). Since the 
colonization of neighbouring trees by dispersing larvae may be limited by their 
phenological difference (Tikkanen and Julkunen-Tiitto 2003), large within-population 
variation in phenology may protect silver birch populations from spring-time defoliation 
(Section 6.1.1). Thus, from a forestry perspective, high genetic diversity in birch 
plantations might be beneficial in mitigating the effects of herbivory. In addition, it is 
near-sighted to favour only well-growing genotypes in the selection of breeding material, 
since the growth rate of birch genotypes depends strongly on environmental variation 
(Chapter III). 
Different silver birch genotypes have been found to establish preferentially in warm 
and cool years, and thus individuals that may be better adapted to rising temperatures 
seem to be already present within birch populations (Kelly et al. 2003). Also studies by 
Prozherina et al. (2003) and Oksanen et al. (2005a) are indicating that silver birch has a 
high capacity to adapt to future climatic conditions through “preadapted” individuals. 
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Evidently, reduction in the genetic diversity of silver birch populations would have both 
long-term implications for their future evolution and negative impacts on their ability to 
tolerate rapid environmental changes. Recent studies of Spanish populations of beech 
(Fagus sylvatica) show that the fragmentation of the forests that took place several 
centuries ago has led to high genetic divergence of the populations and reduced genetic 
diversity (Jump et al. 2006). This is true despite the fact that the species is wind-pollinated 
and the fragments are very close to each other. Even though birches are increasingly 
planted with material derived from selected trees, genetic divergence of Finnish silver 
birch populations has not been observed (Järvinen et al. 2003; Rusanen et al. 2003). 
Considering the ecological, economical, socio-economical and cultural importance of 
silver birch, the value of its genetic diversity seems to be enormous.  
 
6.4. Main findings and conclusions 
Springtime frost can lead to long-term suppression of net photosynthesis and considerable 
growth losses in silver birch saplings, even though saplings show no visible frost injuries. 
Generally, ozone did not exacerbate the effects of frost, except for diameter increment and 
leaf biomass accumulation. Even though silver birch genotypes had considerable genetic 
variation in their biochemical and growth characteristics, genotype-specific responses to 
ozone and frost were minimal. However, we should be aware that responses within a 
population may be partly dependent on year- and genotype-specific variation in bud burst, 
which in turn is influenced by environmental factors.  
There was considerable genetic variation in the growth and general insect resistance 
of silver birch saplings. In contrast to genotypic variation in resistance, the genotypic 
variation in growth among silver birch genotypes was strongly dependent on the 
environment. Consequently the costs of defence as measured by growth rate seem to be 
highly dependent on the environment. Genetic variation in the resistance of the plants to 
insect herbivores was positively associated with genetic variation in leaf litter mass loss at 
the early stages of the decomposition process, but the explanation for this link between 
different trophic levels requires further investigation.  
The results of the thesis indicate that within-population variation in silver birch 
herbivore resistance is a fundamental basis for the observed intraspecific genetic variation 
in insect herbivore community structure. There were significant resistance differences 
among birch genotypes to about a fifth of the 27 individual insect species whose 
abundances were determined in this thesis, and almost always these resistance differences 
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were modified by the environment and/or the study year. Generally insect species differed 
in their response to variation among silver birch genotypes.  
Together, these results suggests that within a naturally regenerating silver birch 
population, there is significant genetic variation in most traits studied, and that genetic 
variation in silver birch can affect not only the dependent insect communities but also 
related ecosystem processes. Maintaining this genetic diversity we will not only maximize 
the potential of silver birch to withstand and adapt to environmental changes, but also 
conserve the species diversity of dependent arthropod communities.  
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